We report on the vertical growth of GaN nanowires by using Cu based multi-catalyst. Our study shows that the Cu based multi catalyst works well for the growth of GaN nanowires via VLS mechanism. The typical diameter and the length of nanowires are 15-250 nm and from a few micrometers to several tenths micrometers, respectively. Structural characterisation indicated that the nanowire is single-crystal with growth direction of <0001>. Importantly, Cu-Au-Ni multicatalyst leads the vertical growth of nanowires in advance of deposition of interfacial layer that is typically resulted in the random growth of GaN nanowires. Our investigation indicates that the low activation energy for the VLS growth of nanowire with Cu-Au-Ni catalyst ascribe to the epitaxial, vertical growth of GaN nanowires. These nanowires showed n-type semiconducting characteristics.
Introduction
Nanowires are ideal building blocks for developing nano devices due to their thermodynamic stability, single crystallinity and defect free nature. Especially, GaN nanowires have a great potential for developing optoelectronic devices. To exploit the potential, however, compositional modulation such as doping and alloying as well as structural modulation such as size control or creating heterostructures in the nanowires have to be achieved. Regarding structural modulation, one of the critical issues is a preparation of vertically arrayed GaN nanowires since the array can provide novel optical properties such as strong stimulated emission in vertical direction. The vertical array is also important for the development of nanowire devices because it is difficult to develop optoelectronics architecture by using current standard semiconductor process with random oriented nanowires.
GaN nanowires have been grown by the vapour-liquid-solid (VLS) mechanism using metal catalyst, typically Ni [1, 2] . Previous studies have shown that Ni works well for the VLS growth of GaN nanowires [3] . However, vertical growth of GaN nanowires has been rarely achieved because Ni catalyst works behind the deposition of GaN layers by vapour-solid (VS) mechanism and thus results in random growth on the surface of polycrystalline interfacial layers [4] . Regarding this, other metal catalysts have not been achieved the successful vertical growth thus far.
In this study, we report vertical growth of GaN nanowires by using Cu based multi-catalysts. Our investigation showed that the activation energy for the VLS mechanism is low with multi-catalysts as compare to single catalyst and it ascribes to the vertical growth of GaN nanowires. It indicates that Cu based multi-catalyst systems are a possible approach for the vertical growth of GaN nanowires.
Experiment
GaN nanowires were grown by using Cu or Cu based multi-catalyst, i.e., Cu-Ni, Cu-Au, Cu-Au-Ni, by hydride vapour phase epitaxial (HVPE) processes on c-plane sapphire coated with 20 nm of GaN film. Basically, the Cu component for the catalyst was supplied through the vapour transport to the substrate by evaporating CuCl powder. To make the multi-catalyst, thin metal film of Ni, Au or Au/Ni, respectively, were deposited with 2 nm thickness onto the substrate by using e-beam evaporation. For the growth of GaN nanowires, solid metallic Ga (purity 99.99%) as Ga precursor and the substrates placed in a quartz tube reactor. The growth was carried at various temperature under a flow of NH 3 and H 2 at a rate 10 and 500 sccm, respectively, and kept for 60-180 min and then cooled down to room temperature. The morphology of the nanowires was examined by field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). To measure the electrical property, nanowire devices were prepared on Si wafer with 500 nm-thick SiO 2 layer. Nanowires solution (nanowires + ethanol) was dropped into pre-patterned Si substrate and location of each nanowire was patterned by using electron beam lithography by metal deposition (Ti/Au, 10 nm/100 nm).
Results and discussion
Single-crystalline GaN nanowires were grown with all the catalysts explored in this study. Figure 1 To our knowledge, growth of GaN nanowires with Cu or Cu based multi-catalyst has not been reported thus far. Meanwhile, it is known that the metal catalyst components could be contaminated into nanowires that may affect on the electrical and optical properties. Regarding this, Cu catalyst may have advantages over well known Ni catalyst that can form a deep level in the band gap and thus have unintentional effects on the electrical and optical properties. Figure 1 (a)-(c) also showed that the nanowires were grown on the substrates randomly when using Ni, Cu and Cu/Au catalyst. Figure 1 (e) showed the typical cross section of the substrates where the nanowires were randomly grown with Ni, Cu or Cu/Au catalyst. As shown, the interfacial layers were formed and the nanowires were grown on the layers randomly. Our previous study has shown that it is because the interfacial layers grow in advance of working of VLS mechanism in the early stage of growth [4] . This may have resulted due to the complexity of the VLS mechanism. Though the growth proceeded on the substrate onto which the Ni, Cu, Au catalyst for the VLS mechanism of the nanowires was coated, it seems that interfacial layers instead of nanowires predominantly grow in the early stage of growth by direct deposition of GaN from vapour, i.e., vapour-solid (VS) mechanism. The VS mechanism is simple. However, VLS mechanism for nanowires is complex that involves three phases and two interfaces (specifically, vapour-liquid and liquid-solid interfaces). Dissolution and precipitation chemical reactions are involved [6] . Diffusion in the gas and liquid phase, respectively, is also involved. These reactions and diffusions in the complex system during the VLS mechanism should have high activation energies. On the other hand, the simple VS mechanism of interfacial layer formation from vapour could have lower activation energy and thus can work in advance of working of VLS mechanism in the early stage of growth. After formation of interfacial layers, the metal catalyst reassembled on the interfacial layers and leads the VLS growth of nanowires in the following stage [4] . Meanwhile, the vertically growth of nanowires on the substrate can be achieved by establishing an epitaxial relationship between the nanowire and the substrate. However, the interfacial layers interrupt epitaxial relationship between nanowires and substrate and, therefore, result in the random growth of nanowires. It is noted, however, that the nanowires were vertically grown with Cu/Au/Ni multi-catalyst. By considering the random growth shown in Figure 1(a)-(c) , it indicates that the effect of interfacial layers is excluded by using the multi-catalyst. Indeed, cross section view of the substrate showed that the nanowires were grown on the substrates without any interfacial layers (Figure 1(e) and (f) ).
Vertical growth with Cu-Au-Ni may be due to the lower activation energy of the VLS mechanism for the growth of nanowires with multi-catalyst [5, 6] . As described, the growth of nanowires with VLS mechanism is competing with counter deposition of interfacial layers by VS mechanism. Generally, the VS mechanism is simple as compare to VLS mechanism that involves three phases and two interfaces [7] . Thus, the VLS mechanism would have higher activation energy than that of VS mechanism. The activation energy of VLS mechanism is determined by the rate limiting step. Whatever the step is, it is critically affected by the state of liquid involved in the mechanism [8] . Regarding this, multi-catalyst of Cu/Au/Ni could form liquid at low temperature and provide low viscosity at the growth temperature and thus could ascribe to the lower activation energy. It can lead the epitaxial-, vertical growth of nanowires in advance of the deposition of interfacial layer.
To verify the effect of activation energy, we determined the activation energy for the growth of nanowires with each catalyst by plotting the growth rate of nanowires with temperature [8] . In this measurement, the growth rate was determined by measure the length of hundreds nanowires from each conditions and divide by the growth time. It is well known that multi-component metal system shows lower melting points as compare to single or two component systems. Thus, Cu/Ni/Au catalyst can have lower melting points and low viscosity at the processing temperature. Meanwhile, the activation energy in the VLS mechanism is determined by one of the steps of dissolution of vapour components to liquid catalyst or diffusion of dissolved components in the liquid phase to the liquid/solid interfaces or precipitation of component at the interfaces. It is not clear which step acts as rate determining steps for the growth of nanowire with multi-catalysts, however, it is possible that the low temperature melting and low viscosity of metal catalyst ascribe to the lower activation energy by relatively easy dissolution, diffusion and precipitation of components in the VLS mechanism. And this lower activation energy can lead the growth of nanowires in advance of the deposition of interfacial layer. It implies that the Cu/Au/Ni multi-catalyst leads the epitaxial, vertical growth of nanowires by the lower activation energy for the VLS mechanism. Figure 3 shows the structure of nanowires characterised by high-resolution transmission electron microscopy (HRTEM). It shows that they are single crystal. Inset in Figure 3 Figure 3(b) shows composition of catalyst determined by transmission electron microscopy energy-dispersive x-ray Spectroscopy (TEM-EDS) analysis on the part of Cu/Au/Ni multi-catalyst tip (blue) and Cu catalyst tip (red) of nanowire. In Cu catalyst, the average concentrations were about 20~30 wt% for Cu and 60~80 wt% for Ga element. In Cu/Au/Ni multi-catalyst, the average concentrations were about 50~70 wt% for Cu, 19~25 wt% for Ga, 5~20 wt% for Au and 1~5 wt% for Ni element. It clearly shows that the nanowire grew through VLS mechanism with assist of multi-catalyst. It is noted that the structure of nanowires is same for all the catalysts used in this study. It indicates that the multi-catalysts have any significant effects on the structure of GaN nanowires. It is possible that the metal catalyst component of catalyst can be contaminated into the nanowires and thus can change the electrical properties, typically acts as trap level and resulted in metallic electrical properties. In order to characterise the electrical properties of the nanowires, we made nanowire based transistor structures, as shown in inset in Figure 4 (a), and measured the electrical transport at 300 K and 2 K, respectively. 
Conclusion
GaN nanowires were successfully grown by using Cu and Cu based multi-catalyst. These results indicate that Cu can be used as catalyst for the growth of GaN nanowires. Importantly, Cu can also be used as basement for multi-catalyst that makes possible to grow GaN nanowires vertically on the substrates by epitaxial growth. It is due that the Cu/Au/Ni multi-catalyst can lead the growth of nanowires in advance of the deposition of interfacial layers by the lower activation energy for the VLS mechanism. It implies that multi-catalyst could be useful for the vertical growth of nanowires.
